Abstract Soil microbial respiration rates decrease with soil drying, ceasing below water potentials around À15 MPa. A proposed mechanism for this pattern is that under dry conditions, microbes are substrate limited because solute diffusivity is halted due to breaking of water film continuity. However, pore connectivity estimated from hydraulic conductivity and solute diffusivity (at Darcy's scale) is typically interrupted at much less negative water potentials than microbial respiration (À0.1 to À1 MPa). It is hypothesized here that the more negative respiration thresholds than at the Darcy's scale emerge because microbial activity is restricted to microscale soil patches that retain some hydrological connectivity even when it is lost at the macroscale. This hypothesis is explored using results from percolation theory and meta-analyses of respiration-water potential curves and hydrological percolation points. When reducing the spatial scale from macroscale to microscale, hydrological and respiration thresholds become consistent, supporting the proposed hypothesis.
Introduction
Soil microbial activity, a key driver of the terrestrial carbon balance, is sensitive to changes in soil moisture, but the mechanisms suppressing microbial activity under dry conditions continue to be debated. The earlier observations that microbial metabolism is reduced at low moisture levels [Greaves and Carter, 1920] have been well supported by laboratory and field studies [Lennon et al., 2012; Manzoni et al., 2012; Moyano et al., 2012] . Such a decline may depend on both physiological stress and physical factors limiting substrate supply to microbial cells [Moyano et al., 2013; Or et al., 2007; Schimel et al., 2007] . Determining the causes of this metabolic decline is required for understanding and modeling soil microbial respiration and nutrient cycling in both arid and mesic ecosystems that experience extended summer droughts.
Typically, respiration from mineral soils declines with decreasing soil moisture to a point where microbial activity effectively stops [e.g., Fierer et al., 2003; Manzoni et al., 2012; Orchard and Cook, 1983] (Figure 1 ). This "water stress" moisture threshold corresponds to water potential levels around À15 MPa in disturbed soil samples (i.e., sieved), regardless of the climate of origin of the soil and its texture. For reference, À100 MPa is the approximate water potential in air at 30°C and 50% relative humidity. Incubated intact soil cores show reduced microbial activity at less negative water potential of around À1 MPa. At these levels of water availability, several microorganisms can still be active [Tresner and Hayes, 1971; Williams and Hallsworth, 2009] (black solid line in Figure 1 ), perhaps hinting that physiological stress did not fully impair microbial function. This finding is also supported by reported higher respiration rates of litter samples compared to mineral soils at the same water potential [Manzoni et al., 2012] . It has been conjectured that this moisture threshold is linked to solute diffusivity rather than physiological stress. As the water films around individual soil particles become disconnected from each other, solute diffusivity ceases [Hunt and Ewing, 2003; Moldrup et al., 2001] , and substrate supply to microbes is reduced to the point of inhibiting metabolic activity Skopp et al., 1990] .
If this reduction in diffusivity causes the respiration decline, water potential levels at which solute diffusion and respiration cease should be comparable and should vary consistently across soil types. Solute diffusivity thresholds (expressed as water potential) show a dependence on soil texture, with more negative values in fine-textured soils than in sandy soils . In contrast, respiration thresholds (also expressed as water potential) appear to be remarkably stable across soil textural classes [Manzoni et al., 2012] and generally more negative than diffusional thresholds. Diffusivity at the traditional Darcian scale therefore does not explain the response of respiration to soil moisture and the lack of sensitivity to soil texture. One plausible explanation is that solute diffusion is no longer the primary factor inhibiting microbial respiration, and physiological impairment may be the most restrictive factor. However, at least some microbial species are capable of metabolic activity at moisture levels well below the points were respiration stops [Williams and Hallsworth, 2009] .
Here it is proposed that differences between hydrological and respiration percolation pressures emerge because the spatial scales relevant for solute diffusion and microbial function measurements are significantly different. Molecular diffusion measured at the macroscopic scale theoretically ceases at the percolation threshold-a property of the soil pore network [Hunt and Ewing, 2003; Stauffer, 1979] that here corresponds to a soil moisture value below which the soil volume becomes hydraulically disconnected. As smaller soil volumes are approached, the size of hydraulically connected patches becomes smaller so that at such scales diffusivity can still be positive even if diffusion does not occur at the macroscopic scale. As a consequence, lower moisture levels may be sufficient to sustain a hydraulically connected and functional pore (or water film) network at scales relevant for microbial function. Therefore, at scales comparable to the distance between microbes and their substrates (i.e., the soil volume experienced by microbes, with size denoted by δ), the patch size allowing substrate diffusion can be much smaller than the macroscale of diffusivity measurements, and the percolation threshold is correspondingly lower. Based on this premise, we demonstrate how diffusion thresholds shift toward the respiration thresholds as the sample size is reduced, supporting the hypothesis that the activity of drought-resistant microbes is primarily limited by substrate supply in dry conditions and explaining why the water potential thresholds for respiration appear texture independent.
Methods

Theory
From Figure 1 , it is to be noted that at water pressures of -1.5 to À20 MPa corresponding to complete inactivity of microbial communities, and assuming a surface tension at 72 m N m À1 , results in a capillary rise on the order of 10-100 nm, which is far too small to allow for microbial mobility (microbial community size is measured in microns) . At these water potential levels, the only mechanism able to connect microbes and substrates is molecular diffusion and predicting at which moisture threshold this diffusivity effectively ceases becomes of primary importance. However, soil physics theories are based on continuum assumptions within a representative elementary volume commensurate with the "Darcy scale" (the scale over which Darcy's law is valid and for which the soil hydraulic properties are often reported) and cannot provide realistic estimates of transport rates at much finer scales pertinent to microbial mobility and foraging strategies. Hence, "downscaling" from the Darcy scale (where solute diffusivity and hydraulic conductivity are measured) to microscale and smaller becomes necessary. An approach that maintains maximum simplicity in such downscaling while preserving a scale-aware parameterization is percolation theory. This theory links macroscale moisture thresholds to microscale soil structural properties [Hunt, 2005; Liu and Regenauer-Lieb, 2011] . The aim thus becomes linking the soil moisture percolation point relevant Figure 1 . Microbial respiration normalized to its value at the soil field capacity (ψ fc = À0.033 MPa; colored symbols and lines) as the soil water potential becomes more negative. Data points are grouped by experimental procedure (sieved soil versus intact cores). Lines indicate the log linear activity declines to the mean water potential threshold (ψ t,R ) for each group (À1.0 MPa for intact samples and À15.4 MPa for disturbed ones); respiration data are from published sources [Manzoni et al., 2012; Moyano et al., 2012] (section 2.2). Survival probabilities of two microbial communities are also shown (black symbols and curves): data from Lennon et al. [2012] are from synthetic soil media (fraction of species with >5% of maximum activity at a given ψ); data from Tresner and Hayes [1971] are from a growth medium at different salinity levels, with no diffusion limitation (fraction of species surviving a given ψ).
at the Darcy scale (denoted by ℓ) to the corresponding points at much smaller scales that are characteristic of microbial-substrate interactions (δ), as illustrated in Figure 2 .
Percolation theory predicts that the average radius of a hydraulically connected soil patch L (also called correlation length) increases near the macroscopic percolation point θ t as a power law with subunity exponent [Stauffer, 1979] (Figure 2b ),
where volumetric soil moisture θ must now be interpreted as a measure of the so-called bond probability [Hunt, 2005] , L 0 is a characteristic spatial scale (mean pore length), and ν is the critical exponent for the correlation length of a three-dimensional pore network, shown to be relatively conserved around ν = 0.88 (the theoretical value employed here) across a number of isotropic porous media [Liu and Regenauer-Lieb, 2011; Stauffer, 1979] . As θ approaches the percolation point θ t , the patch size L tends to infinity, indicating that the whole porous medium becomes hydraulically connected. As the soil becomes drier than θ t , the size of the largest patch decreases, thus impeding hydraulic function at the macroscopic scale, but not necessarily at spatial scales much smaller than ℓ. In other words, equation (1) links soil moisture to the spatial scale L at which water films are still continuous: smaller scales require lower moisture levels to remain hydraulically connected. We hypothesize that microbial cells interacting with a small volume of soil may still experience a hydraulically connected environment even below the macroscopic percolation point θ t .
To estimate the moisture level at which connectivity still occurs at the microscale L (i.e., the percolation point when L ≪ ℓ), equation (1) is inverted, resulting in (Figure 2c ),
where χ = L 0 /L is a dimensionless size representing the scale separation between pore length L 0 and microscale L, and L min is the smaller scale allowing a positive θ t,L . It is also useful to calculate the scale L at which a given percolation threshold θ t,L (or in terms of water potential, ψ t,L ) occurs. This dependence can be obtained using equation (1) with θ = θ t,L . Stated differently, soil moisture measurements are assumed to (1)) as a function of soil moisture (below the percolation point, θ t ), and increasing macroscopic diffusivity above θ t . (c) Effect of scale L on the soil moisture at percolation for that scale (θ t,L , equation (2)). As the scale is reduced from ℓ to δ, θ t,L decreases and the corresponding water potential (ψ t,L ) becomes more negative.
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represent a macroscale state with a percolation point θ t , and equation (2) presents the equivalent percolation moisture content (and via the soil water retention curve, the concomitant water potential) that still allows hydraulic connectivity at the microscale L.
To link equations (1) and (2) to water potential thresholds reported in the literature, the typical Campbell water retention curve [Campbell, 1974] is employed, leading to the definition of a soil type-dependent function ψ t,L (L) corresponding to the percolation threshold soil moisture. The form of this water retention curve can in turn be obtained in terms of the fractal properties of the soil particle size distribution using the Young-Laplace relation to link pore radius (assumed to be linearly proportional to particle size) [e.g., Hunt, 2005] and water potential, consistent with the assumptions underlying equation (1) [Hunt and Gee, 2002; Rieu and Sposito, 1991; Tyler and Wheatcraft, 1990] . It may be argued that soil water retention curves derived at the macroscale need not apply to the microscale state or when θ ≤ θ t because as θ decreases, the time to equilibration between ψ and θ lengthens (an experimental limitation) and the lower pore size at which a fractal description is valid is approached (a theoretical limitation). (Hunt and Gee data set) to characterize the percolation point from a hydrological perspective (denoted by ψ t,H ) and (iii) heterotrophic respiration thresholds to characterize the percolation point from a microbial perspective, extending the data set by Manzoni et al. [2012] (denoted by ψ t,R ; see respiration data in Figure 1 and the corresponding ψ t,R in Figure 3a ). Details on the estimation procedure and the values of the water potential thresholds are reported in the supporting information.
Pore Characteristic Scale (L 0 )
The inverse of the surface area-to-particle volume ratio (SA vol ) was used as a measure of pore length, L 0 . This equivalence between particle and pore area-to-volume ratios holds as long as particle and pore radii are linearly proportional and serves only as a first approximation [Hunt, 2005] . Empirical estimates [Olesen et al., 1996 ; (3)) or assuming that ψ t,δ = ψ t,R = À15.4 MPa (using equation (1) and converting soil moisture to water potential with either the Campbell or CSRN model). The spatial scale characterizing the distance between microbial cells or colonies and substrate sources (e.g., decaying roots and carbon-rich aggregates) is denoted by δ (Figure 2 ). This measure can be estimated based on microbial carbon concentration, C B (expressed as, e.g., g microbial C/g soil), and a certain geometrical configuration of the microbial colonies. Assuming colonies lie on the joints of a cubic lattice with side δ, there are δ À 3 colonies per unit volume of soil. Further assuming a microbial C concentration of 0.5 gC/g dry weight, 
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where ρ b is the soil bulk density (here taken to be 1.5 g cm
À3
). Since the goal is to estimate a reasonable range for δ, as determined by variability in C B , we consider microbial C concentrations from a range of ecosystems and soil types from the data set by Cleveland and Liptzin [2007] . Measured C B values are further multiplied by the fraction of active microbes, here for simplicity assumed 5% of the total [Blagodatsky et al., 2000] . Assuming a uniform distribution of microbial active cells or colonies may be a gross oversimplification in natural soils were microbial activity are likely clustered around biogeochemical "hot spots" [Raynaud and Nunan, 2014] . However, in disturbed soils as the ones analyzed here, this approximation may be reasonable. While this approach to estimate δ has unavoidable large uncertainties, it provides a first-order functional relation between δ and measurable quantities.
Results and Discussion
Figure 3a compares the hydrological percolation thresholds ψ t,H (open circles) and the water potential levels at which microbial activity ceases ψ t,R (open triangles) along a gradient of soil texture. If microbial activity is linked to solute diffusivity, these thresholds are expected to follow similar patterns. Figure 3a demonstrates that these thresholds diverge as soil texture becomes coarser. The percolation water potential for hydrological connectivity becomes less negative as the sand fraction is increased (open circles), whereas the water potential levels at which respiration ceases (triangles) are stable across soil types, at least in disturbed soil samples. The averaged microbial ψ t,R in Figure 3a is À15.4 MPa, similar to the value obtained earlier from a smaller data set [Manzoni et al., 2012] , and the shape parameter α of the respiration-water potential relation (see supporting information) is approximately unity in most data sets, supporting the use of linear relations between respiration and log(ψ) [Fierer et al., 2003; Orchard and Cook, 1983] .
Theoretical considerations predict that as the sample scale decreases, so does the "apparent" percolation threshold at that scale (Figure 2 and equation (2)). Indeed, when reducing the scale L of the sample, ψ t,L becomes more negative and the frequency distribution of the hydrological thresholds across the soils in the Olesen and Hunt and Gee data sets approaches the typical range for the respiration thresholds. This shift of the distributions is illustrated in Figure 3b by shading changing from dark brown to orange as χ = L 0 /L is increased (i.e., the scale L is decreased). At χ = 0.2 (i.e., at a scale about 5 times larger than the pore size L 0 ) the ψ t,L are generally consistent with ψ t,R . Due to the large scatter in the estimated ψ t,L , the original clear pattern in ψ t as a function of texture is progressively lost when L decreases, consistent with the lack of texture dependence in the microbial ψ t,R . Not only ψ t,L values become more negative but also the number of soils for which ψ t,L can be calculated decreases as smaller scales are reached. This is due to reaching the minimum length L min ¼ L 0 θ Àν t below which equation (2) cannot be used. As earlier noted, it could be argued that Campbell-type water retention curves are not suitable to predict water potential values in the range À10 to À100 MPa, as such curves are typically parameterized by fitting soil moisture and water potential data above the plant wilting point (À1.5 MPa). To assess whether the trends illustrated in Figure 3b are robust to changes in the water retention model, we also converted θ t,L values to ψ t,L
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MANZONI AND KATUL ©2014. American Geophysical Union. All Rights Reserved. using the CSRN model, which describes the driest end of the water retention curve (between À1 and À100 MPa) with a single soil-dependent slope parameter, SL [Resurreccion et al., 2011] . Values for the slope parameter are estimated for soils in the Olesen and Hunt and Gee data sets based on the least square regression log 10 (SL) = 1.29 + 1.07 e À 7.56 × CF (R 2 = 0.804 and n = 41) (data from Resurreccion et al., 2011) . The CSRN model predicts steeper reductions in water potential than the Campbell model during drying so that the predicted ψ t,L values are more negative (orange dashed line in Figure 3b ). Due to this higher sensitivity, at a scale approximately 20 times the mean particle size (χ = 0.05) the predicted ψ t,L are already in agreement with ψ t,R . Despite the different scale reduction required for ψ t,L to overlap to ψ t,R , both water retention models predict the same pattern, strengthening the conclusion that differences between ψ t,H and ψ t,R may be reconciled when the hydrological and microbial spatial scales become consistent.
It is interesting to note that the few data points obtained from respiration measurements in intact soil cores are significantly less negative than the ones from sieved samples [Manzoni et al., 2012] . Unfortunately, only a few studies report respiration-water potential relations in intact soil cores [Petersen et al., 2008; Thomsen et al., 1999] , and those studies are limited to relatively moist conditions, making it difficult to reliably estimate the threshold water potential for respiration. Here only data from one study [Petersen et al., 2008] were used due to the imposed selection criteria. Nevertheless, the estimated ψ t,R (filled triangles in Figure 3a ) are in agreement with the hydrological thresholds ψ t,H . Thomsen et al. [1999] shows that respiration from labeled litter mixed with soil ceases around the plant wilting point (À1.5 MPa), again close to the ψ t,H for that soil; respiration from the native (unlabeled) organic matter declines too little to infer a percolation point. Similarly, no reliable estimates of ψ t,R could be obtained from Gabriel and Kellman [2014] , although it appears that respiration declines are slower in their samples than in the ones included in our analysis. It is possible that the microbesubstrate distance in intact soil samples is simply larger than in disturbed ones because sieving could disrupt soil structures thereby redistributing substrates in the vicinity of microbial cells. This view is supported by evidence of old, but labile organic carbon, becoming available to microbes after soil disturbance [Schimel et al., 2011] . In contrast, in intact samples, the substrates nearest to the microbes might have been long consumed. This is likely the natural condition of most soils, where the large majority of microbial cells are inactive or dormant unless a hydrologic event provides a pulse of substrate [Blagodatsky et al., 2000; Boot et al., 2013; Kakumanu et al., 2013; Lennon and Jones, 2011; Xu et al., 2014] . Therefore, it is possible that in natural conditions, microbial activity stops earlier during a dry period than under laboratory conditions, but more evidence to support this hypothesis is needed.
Rather than changing scale L (or χ) to predict ψ t,L , it is also possible to set a value for ψ t,L and estimate the spatial scale at which such a water potential threshold is achieved. Analytically, this calculation is based on equation (1) after converting volumetric moisture to water potential. This approach requires ψ t and pore length values, as well as the parameters for the water retention curves of each soil type considered-all pieces of information available for the Olesen and Hunt and Gee data sets. If a value ψ t,L = ψ t,δ = À15.4 MPa is set, a distribution of δ estimates is thus obtained for both the Campbell and the CSRN models, where the variability stems from the range of soil types considered. The frequency distributions of δ are shown in Figure 3c (orange shaded area and dashed line, respectively). For both water retention models, δ ranges from 10 À5 to 10 À2.5 m, with a pronounced bimodality caused by the uneven distribution of soil types in the data set analyzed here. Some of the soils from Hunt and Gee are, in fact, nearly pure sands with extremely small |ψ t |, implying large δ. Despite the sensitivity of ψ t,L estimated with the CSRN model (Figure 3b ), the spatial scales predicted by the two models are similar. This similarity is explained by the form of equation (1), in which the term |θ t,δ À θ t | is dominated by θ t when the water potential is low (recall that ψ t,δ = À15.4 MPa) so that the predicted δ is only moderately affected by the choice of the water retention model. If we exclude the peak at high δ, most of the remaining values lie between 10 À5 and 10 À4 m, in agreement with the δ distribution obtained from microbial biomass concentrations (equation (3); blue frequency distribution in Figure 3c ). Slightly smaller distances have been estimated in surface soils without plants (δ = 1.2 × 10 À5 ± 0.6 × 10 À5 m), while in the presence of plants microbial densities can be higher (δ = 5 × 10 À6 ± 1 × 10 À6 m) [Raynaud and Nunan, 2014] . The δ can also be estimated from the average density of prokaryotic cells in soils (1.2 × 10 13 m À3 ) these two values can be considered upper and lower bounds for δ. Notably, these bounds are consistent with the extremes of the frequency distribution obtained from equation (3). This agreement between empirically and theoretically derived spatial scales, and its robustness to changes in water retention formulations and δ estimates, lends support to the approach proposed here.
Different lines of evidence (Figure 3) indicate that substrate diffusion can be the most limiting factor for microbial metabolism in dry soils (i.e., ψ ≈ À10 MPa or lower). This result confirms earlier modeling [Manzoni et al., 2014; Schjonning et al., 2003; Skopp et al., 1990] and empirical studies [Stark and Firestone, 1995] . A further confirmation is provided by evidence of much more negative water potential thresholds in litter than in mineral soil [Manzoni et al., 2012] , possibly explained by the fact that microbes on plant residues are closer to the substrates and can remain active until they reach their physiological limits well below ψ = À20 MPa for several species [Tresner and Hayes, 1971; Williams and Hallsworth, 2009] (black solid line in Figure 1 ). Fungal-dominated communities are more drought resistant than bacterial-dominated ones [de Vries et al., 2012] so that it is conceivable that fungal communities growing on plant litter could also partly explain this pattern. From an ecological perspective, it is interesting to note that despite variations in microbial community composition and drought sensitivity across ecosystems and climates [de Vries et al., 2012; Evans and Wallenstein, 2013; Zeglin et al., 2013] , the respiration threshold is remarkably conserved. Several microbial species are sensitive to declining water potential and become inactive around or above ψ = À2 MPa [Lennon et al., 2012] (see black dashed line in Figure 1 ), but the main result here suggests that the more resistant organisms become limited by substrate availability-independent of their physiological characteristics and degree of adaptation to dry conditions. This result calls for new experimental studies to assess the contribution of substrate and metabolic limitations to be conducted across wide ranges of soil water potential and at multiple scales.
Conclusions
Based on the premise that solute transport is limited as the percolation threshold is approached and that the percolation point depends on the scale of the soil sample, we linked measured diffusivity and conductivity thresholds (~À0.1 to À10 MPa) to the water potential levels at which microbial activity ceases (~À15 MPa). Microbial cells interact with small soil patches of 10-100 μm size that might retain hydraulic connectivity in dry conditions, despite the negligible diffusivity at the macroscale. Accounting for this effect using percolation theory, the water potential values where diffusivity ceases become more negative and overlap with the water potential values that inhibit microbial metabolism. This finding confirms the hypothesis that microbial community function is substrate limited in dry conditions, even though some organisms can be metabolically active below a soil water potential of À15 MPa.
